Abstract-We study, experimentally and numerically, the increase of the stimulated Brillouin scattering (SBS) threshold in dispersion-shifted fibers (DSFs) by applying three different tensile-strain distributions. The best results are obtained with a 40-step stair-ramp distribution, for which we demonstrate a 8-dB SBS threshold increase in a 580-m DSF. The Brillouin frequency is observed to shift as a function of the strain at a rate of 0.464 GHz/%. We discuss the potentials and drawbacks of this technique for application in nonlinear devices.
I. INTRODUCTION

S
TIMULATED Brillouin scattering (SBS) is a process in which a laser interacts with a backscattered Stokes wave through the intermediary of an acoustic wave, producing the attenuation of the pump and the amplification of the Stokes wave. SBS is an undesirable effect in several applications of optical fibers. In metropolitan-area wavelength division multiplexing (WDM) networks, for example, SBS limits seriously the total amount of optical power that can be transmitted through a single fiber [1] - [3] . Another application where SBS represents a serious limitation is in the field of fiber-optic parametric devices [4] - [8] . In these devices, one or two strong pumps amplify, by four-wave mixing (FWM), a weak signal and generate an idler wave, which can be used for wavelength conversion or optical signal processing in optical networks. The SBS, if not completely suppressed, induces random variations of the pump power that are transferred to the signal as an intensity noise degrading the signal performance. Two techniques permit an increase of the SBS threshold: 1) by broadening the linewidth of the laser by phase or frequency modulation; or 2) by broadening the Brillouin-gain bandwidth by varying the frequency of the acoustic wave along the fiber.
The first technique permits a raise of the SBS threshold by up to 17 dB if the laser is broadened by 8.4 GHz [9] . However, this spectral broadening combined with fiber dispersion will give rise to timing jitter. Even in dispersion-compensated systems, third-order dispersion will produce a small amount of timing jitter that should limit the transmitted bit rate × length [3] . Technique 2) can be implemented by varying the core radius (maximum threshold increase reported was 4.8 dB) [10] , [11] , dopant concentration (7-dB increase) [11] - [13] , or temperature (4.8-dB increase) [14] , [15] . In [16] , a fiber cable structure with tensile and compressive strains that resulted in a 7-dB SBS threshold increase was reported. In [17] , we recently demonstrated a 7.3-dB SBS threshold increase by applying strain distributions in 500 m of a dispersion-shifted fiber (DSF).
In this paper, we report an experimental and numerical study of the SBS power threshold increase by applying three different strain distributions along a DSF: rectangular-periodic, triangular-periodic, and stair-ramp distributions. In Section II, we use a simple and accurate model to calculate the increase of the Brillouin threshold in a fiber with nonuniform Brillouinfrequency-shift distributions along its length. In Section III, the experimental setup is described, and in Section IV, we present our experimental results, which are compared with the numerical ones. We obtained a maximum of 8 dB in the SBS power threshold increase with the application of a 40-step stair-ramp distribution in a 580-m length DSF. In Section V, we discuss the advantages of broadening the Brillouin-gain bandwidth by inducing tensile strains and comparing with other schemes. Finally, in Section VI, we present our conclusions.
II. SBS THRESHOLD IN OPTICAL FIBERS: NUMERICAL RESULTS
Brillouin scattering results from the light scattering by acoustic waves. Thermally excited acoustic waves produce a periodic modulation of the refractive index and the light is diffracted by this moving grating, generating a frequencyshifted Stokes light wave. The interference of the incident light wave with the Stokes wave contains a frequency component equal to the frequency of the sound wave. Thus, the beating of the laser wave with the sound wave tends to reinforce the Stokes wave and the beating of the laser wave with the Stokes wave tends to reinforce the sound wave by the physical mechanism of electrostriction (the tendency of materials to become denser where the intensity of electric field is stronger) [18] . Spontaneous Brillouin scattering occurs when the light scattering is mainly due to thermally excited acoustic waves. The SBS occurs when the process of electrostriction is strong enough in a way that the acoustic and Stokes waves mutually reinforce each other to generate an exponential growth of the 0733-8724/$20.00 © 2005 IEEE amplitude of the Stokes wave. To model the evolution of the Stokes wave by SBS, we consider a pump laser at frequency ν p , with power P p , which interact with a counterpropagating Stokes wave with power P S at ν S . The coupled equations for the pump and the Stokes waves under steady-state conditions of the SBS are [18] 
where z is distance along the fiber, g(ν, z) is the local SBS gain coefficient, ν = ν p − ν S , α is the attenuation coefficient, and A eff is the effective area. The Brillouin-gain spectrum is observed to be Lorentzian
where ∆ν B is the Brillouin linewidth, g 0 (≈ 2.5 10 −11 m/W in optical fibers [19] ) is the peak value of the gain coefficient, ν B (z) is the Brillouin frequency at z, γ e is the electrostrictive constant, ρ 0 is the mean density of the medium, and v A is the velocity of the (longitudinal) acoustic waves. In general, the velocity of acoustic waves can vary with z and the Brillouin frequency is given by
The velocity of sound depends on the Young's modulus E 0 (z), the Poisson's ratio κ(z), and the density ρ(z)
We consider that the pump is not depleted by transferring energy to the backscattered wave, thus, P p (z) = P p (0) exp(−αz). From (1), we obtain
where L is the fiber length and G is the effective gain factor. In a uniform fiber, v A is constant along the fiber, and from (2a) and (5b), the maximum effective gain (for ν = ν B ) is
where L eff = (1 − exp(−αL))/α is the effective interaction length. Replacing into (5a), we obtain It is known empirically that the threshold condition for SBS occurrence is obtained when G exceeds some threshold value, which is typically of the order of 20 [20] . In an uniform fiber, the SBS power threshold is P SBS ∼ = 20A eff /g 0 L eff . On the other hand, in a nonuniform fiber, where ν B varies along z, the maximum effective gain factor G MAX (ν MAX ) < G 0 , and the SBS power threshold is
The SBS threshold increase in decibel units is then written as
By solving (8) numerically, we can calculate the threshold increase for arbitrary strain distributions. In Fig. 1 , we show the three distributions considered in our study: rectangular periodic, stair ramp, and triangular periodic. The parameters we 
is the strain coefficient of the Brillouin frequency and ε = 100∆l/l 0 is the strain applied in the fiber (l 0 is the initial length and ∆l the elongation). These parameters were obtained from our measurements (see Section IV). An important point is what Brillouin linewidth to plug into (8) . It is well know that the Brillouin linewidth in single-mode optical fibers vary from ∆ν B ∼ 10 to ∼ 150 MHz depending on the input power of the pump laser and on the numerical aperture of the fiber [21] . In our simulations, we considered that ∆ν B at the SBS threshold is in the range 32-45 MHz. In the Appendix, we discuss the consistency of considering these values. In Fig. 2 , we show the SBS power threshold increase for the three distributions as a function of the maximum applied strain ε M . The rectangular-periodic distribution produces the smallest SBS threshold increase as it saturates at about 3 dB. The stair-ramp and the triangular-periodic distributions show a monotonic increasing behavior with strain, though the stair-ramp distribution has a better performance than the triangular. For the case of the rectangular-periodic and stair-ramp distributions, we considered three values of ∆ν B = 32, 38, and 45 MHz. Note that in the rectangular-periodic distribution, the different values of ∆ν B produce slightly different values in the SBS power threshold increase only for strains up to 0.5%. For higher strains, the different values of ∆ν B produce the same saturation behavior at 3 dB. In the stair-ramp case, the different values of the Brillouin linewidth give three curves clearly separated. However, the difference in the SBS power threshold increase between ∆ν B = 32 MHz and 45 MHz is almost constant (∼ 1.3 dB) for strains higher than 0.2%, and lower than that for strains from 0% to 0.2%. 
III. EXPERIMENTAL SETUP
The experimental setup is shown in Fig. 3 . The pump was an external cavity laser (ECL) with a nominal linewidth of 120 kHz, boosted by an Erbium-doped fiber amplifier (EDFA) providing up to 2-W output power. Measurements were performed in 580 and 500 m of DSF. The input and the output pump power were measured using power meters PM1 and PM2, respectively. The backscattered light can be measured using either an optical spectrum analyzer (OSA, with resolution bandwidth of 0.01 nm) or an electrical spectrum analyzer (ESA). In the ESA case, dashed lines indicate the light path, where we inserted a 50% tap coupler to combine the backscattered light with a sample of the laser in a photodiode. The polarization controller permitted us to enhance the beat of the two waves.
In our experiments, we induced a tensile strain by stretching the fiber from an initial length l 0 to l 0 + ∆l. The scheme of the system used to stretch the fiber is shown in Fig. 4 . Our system consisted of 80 acrylic grips arranged in four groups of 20, where each group is mounted on a rigid structure of aluminum. Half of the grips were mounted in mechanical translators that allowed us to stretch different segments of fiber independently, with a maximum elongation of 10 cm. The grips were designed to contain more than just one fiber, with the objective of maximizing the quantity of fiber in the setup. Thus, 30 pairs of grips have four fibers between them and ten pairs have six fibers, giving 180 segments of fiber with l 0 ≈ 2.9 m.
In our system, the fiber in the curves between the two arms (11% of the total fiber length) does not suffer strain. This unstretched fiber implies that the limit on the maximum possible power increase of SBS threshold, which we estimated using the theory in Section II, is 10 dB. To minimize its impact and to maximize the broadening of the Brillouin spectrum, the other 89% of fiber was initially elongated by 3 mm in the case of the triangular distribution and by 4.5 mm in the stair-ramp distribution. In this way, we improve the efficiency of our system by separating the Brillouin frequencies of the stretched and the unstretched fibers. Fig. 5(a) and (b) shows the experimental triangular and stair-ramp strain distributions, respectively. These are slightly different relative to the ideal distributions shown in Fig. 1 . The stairramp distribution was made with 40 strain steps, where in each successive step ∆l was increased by ∼ 0.4 mm. The triangular distribution was made of four strain steps and a total of six and a half periods. Fig. 6(a) shows the measured backscattered power versus input pump power using the two-step periodic strain configuration shown in Fig. 1(a) constructed in 500 m of DSF, for strain values varying from ε = 0 to ε = 0.36%. The pump was located at λ p = 1570 nm. Note that increasing the strain up to ε = 0.26%, the backscattered power decreases, but above that point, increasing the strain does not reduce SBS. We consider that the SBS power threshold P SBS is the condition where the backscattered power begins to rise above the extrapolated spontaneous backscattering power line (i.e., when the exponential growth of the Stokes wave due to electrostriction is larger than linear growth of the Stokes wave due to thermal acoustic waves). Therefore, P SBS = 15 dBm and P SBS = 18 dBm for ε = 0 and ε = 0.26%, respectively. Thus, the maximum increase in the SBS threshold was 3 dB for this configuration. In Fig. 6(b) , we show the Brillouin spectra for the different strains. Note that for ε > 0.09, the measured spectra show a double-peak structure. For ε > 0.21, the two peaks are well separated and do not vary in amplitudes. From these spectra, we calculate the strain coefficient of the Brillouin frequency as being β = 0.464 GHz/% (or 0.016 GHz/mm). The normalized slope coefficient C = β/ν B (0) gives 4.4, similar to previously reported coefficients: 4.7 in [22] and 4.4 in [23] . Fig. 6(c) shows the comparison between the measured values and the calculated ones. The agreement is quite good for ε ≥ 0.2. Clearly, the saturation behavior observed in Fig. 6(a) and (c) occurs when the Brillouin peaks in Fig. 6(b) are completely separated. Fig. 7 shows the backscattered power versus the input power for the 40-step stair-ramp and the triangular-periodic strain distributions with pump at λ p = 1554 nm. We obtained an increase in the SBS threshold of ∼ 8 dB and ∼ 7.8 dB, respectively. These are the largest measured values of SBS threshold increase by varying the acoustic frequency along the fiber. For the strain values used in these distributions, the setup introduced a very small amount of additional loss, which within the error margin of our measurements was observed to be < 0.1 dB. In the inset of Fig. 7(a) and (b) , we show the backscattered light spectra for these distributions. The peaks in the stair-ramp spectrum are distributed over 320 MHz, while in the triangular-distribution spectrum, there are five peaks distributed over 370 MHz. The peak at 10.5 GHz is due to the unstretched fiber. The distribution of the peaks in these spectra deviates from the applied strain quoted in Fig. 5(a) and (b) . We observed that as the fibers were progressively strained at different values of ε, the aluminum bar tilted slightly for the segments where ε was large, thus affecting the strain in all the other segments. In addition, we detected a slight sliding from the grips of some segments of fiber for large ε. For this reason, in the spectrum of the triangular distribution, the central peak is larger and the peaks are not equally spaced. Also, the peak on the right extreme of the spectrum of the ramp distribution appears isolated from the continuous one obtained in the central part. However, for the parameters used in these configurations, we calculated P inc from (8) and obtained discrepancies of the order of 0.5 and 0.3 dB for the ramp and the triangular distribution, respectively.
IV. RESULTS
A. Rectangular-Periodic Distribution
B. Triangular-Periodic and Stair-Ramp Distributions
V. DISCUSSION AND COMPARISON WITH OTHER SCHEMES
The maximum broadening of the Brillouin-gain bandwidth that is achievable with tensile strains is related to the fiber breaking point. In our experiments, the strains we applied were limited to ε M = 0.82% due to the robustness of our aluminum structure and the way that the grips fixed the fibers. By improving these structures or the grips, we should be able to do experiments with up to 2% or 3% strains without damaging the DSF or induce fiber loss.
On the other hand, tensile strains also change the zerodispersion wavelength of the fiber. With the method described in [24] , we observed that λ 0 increases linearly with ε with slope ∂λ 0 ∂ε = 4.6 nm/%.
Thus, applying a ramp strain distribution with ε M = 3%, the Brillouin-gain spectrum will broaden up to 1400 MHz (and the SBS threshold will increase by 17 dB), but the λ 0 will spread in a range of 13.8 nm. This induced variation of λ 0 is a burden for applications in parametric devices. It is well known that large variations of λ 0 reduce the FWM efficiency in these devices and give rise to a smaller parametric gain [25] . However, other schemes for increase of SBS threshold will induce a stronger variation of λ 0 . For example, to produce a broadening of 1400 MHz in the Brillouin-gain spectrum, it would be necessary to raise the fiber temperature by more than 1000
• C, and the resulting variation of the λ 0 will be up to 72 nm, which is 5.2 times larger than with the strain scheme.
To maintain the chromatic dispersion nearly constant and simultaneously increase the SBS threshold, the dopant concentration and core radii were judiciously varied along the fiber, as reported in [11] . Nevertheless, this scheme is complex and expensive and resulted in only 4.5 dB of SBS power threshold increase.
VI. CONCLUSION
The effect of tensile-strain distributions along the length of an optical fiber on SBS threshold was experimentally and numerically investigated. It is shown that by applying only ε = 0.26% tensile strain in a simple rectangular two-step configuration, we are able to obtain an SBS power threshold increase of 3 dB. Larger strains do not reduce the SBS with this configuration. By applying strains evenly divided in more steps, we demonstrate an 8-dB SBS threshold increase in a 580-m DSF for a maximum strain of ∼ 0.72% in the last step. It should be noted that the maximum strain was limited by the robustness of the aluminum structure in our setup and the way that the grips fixed the fibers. With an improved setup, it should be possible to stretch the fiber up to ε M = 3% and obtain an increase of the SBS threshold of 17 dB, comparable with phase-modulation schemes. The zero-dispersion wavelength is observed to shift, as a function of the strain, at a rate of 4.6 nm/%. For applications in parametric devices, the induced λ 0 variation should distort the gain spectrum. On the other hand, for metropolitan network applications, the induced reduction of FWM efficiency could permit the transmission of more WDM channels.
APPENDIX BRILLOUIN LINEWIDTH IN THE THRESHOLD CONDITION
The power threshold for the occurrence of SBS can be defined as the condition where the backscattered SBS power begins to rise above the extrapolated spontaneous backscattering power line; in other words, when the scattering of the light with the acoustic waves induced by electrostriction is stronger than the scattering with the thermally excited acoustic waves. Note that (8) is valid only for the regime of SBS, i.e., when the phenomenon of electrostriction leads to an exponential growth of the Stokes wave [see (5) ]. In order to know what Brillouin linewidth to plug into (8), we have measured ∆ν B as a function of the pump power entering into the 580-m DSF. Fig. 8 shows our results. For comparison purposes, we also show the backscattered power in decibel units versus input pump power in linear units in order to determine, with the best accuracy, the threshold condition. The stimulated regimen starts when backscattered power in decibel units is proportional to the input pump power in linear units. Thus, we find P SBS around 10-17 mW, giving a ∆ν B = 32−45 MHz.
Note that the Brillouin linewidth varies from ∼ 62 MHz for low power values (P p ∼ = 9 dBm) to ∼ 13 MHz (for P p ∼ = 21 dBm). The ∆ν B values are quite different than the expected Brillouin linewidth due to the damping of the acoustic wave owing to its viscosity (∼ 17 MHz). This extra inhomogeneous broadening can be attributed to random variations of dopant type and concentration, fiber geometry, and to guidance effects. A way of estimating the level of random variations of dopant type and concentration and fiber geometry (core radius), is through the measurement of the variation of λ 0 , which were estimated to be smaller than 0.1 nm in our fiber, indicating high uniformity of the mentioned parameters. Thus, waveguide-induced inhomogeneous spectral broadening should be responsible for the observed ∆ν B values [21] . The inhomogeneously broadened spontaneous Brillouin scattering can be expressed approximately as ∆ν B ∼ = [∆ν 
